We investigated the focusing properties of a cylindrically polarized annular multi Gaussian beam tightly focused with a high NA lens and a complex phase filter. It is observed that a properly designed complex phase filter can generate multiple focal spot and focal hole segments along optical axis its useful for the manipulation of multiple optical traps of low and high refractive index particles.
Introduction
Recently, there is an increasing interest in the spatially inhomogeneous polarization, mostly driven by the advances made in micro-fabrication techniques and theoretical modeling techniques that were not available homogeneous polarization. One example of such spatially inhomogeneous polarization that has attracted much of the interest is the socalled cylindrical vector (CV) beams. Cylindrical vector beams are solutions of Maxwell equations that obey cylindrical symmetry both in amplitude and polarization. Cylindrical vector beams can be divided into radially polarization, azimuthal polarization and generalized cylindrical polarization, according to the actual polarization pattern. One can use two cascaded half-wave plates to conveniently convert a radially polarization or azimuthal polarization into a generalized cylindrical vector beam, or vice versa (Zhan and Leger 2002; Friedman et al. 2002) . Growing interest in the generation of three-dimensional (3D) optical beams that are dark regions in space surrounded by light are driven by wide ranging applications including dark optical traps for atoms (Zhan and Leger 2002; Friedman et al. 2002) , manipulation, guiding and binding of microparticles and biological cells (Cizmar et al. 2010) , erase beams for super-resolution fluorescence microscopy (Watanabe et al. 2003) , etc. Over the past years, a variety of techniques have been proposed for generating such optical bottle beams for applications in optical tweezers and atom traps (Garcia-Sucerquia et al. 2004; Chen and Zhan 2006; Bokor and Davidson 2006; Ahluwalia et al. 2006; Arlt and Padgett 2000; Ahluwalia et al. 2004; Yelin et al. 2004; Pu et al. 2005) . However, stable trapping of a single particle is expected if we can make the bottles small enough and comparable to the particle size. Such ''microbottles'' were established recently with the volume speckle field (Isenhower et al. 2009 ). Recently particle trapping experiment is successfully done by Ashkin et al. (1986) , particles manipulations have drawn great interests. For example, owning to the abilities to manipulate and isolate microscopic objects in a precise and nondestructive manner, optical tweezers are widely used in micromachines and microscopy (Unger and Marston 1988; Crocker and Grier 1994; Wright et al. 1990; Tadir et al. 1989) . In order to improve the speed of particle trapping, the optical tweezers with multitraps are ideal (Huang et al. 2011; Guo et al. 2011) . In 2002, two dimensional arrays of focal spots are formed by multi beam systems (Eriksen et al. 2002) . However, it is just for two dimensional particles trapping. In 2005, Casaburi et al. (2005) achieve multi-3D-optical trapping by utilizing two-and three-beam interference, which, in order to ensure destructive interference at the focus, require extremely high interferometric precision among the three beams. Recently several methods to generate the multiple optical trapping have been suggested (Prabakaran et al. 2014a, b; Zhao et al. 2005; Cao et al. 2013; Jian-Nong et al. 2011; Charles et al. 2014) . In this paper, we wish to analyze the focusing property of the phase modulated cylindrically polarized annular multi Gaussian beam (CVAMB) tightly focused with high NA lens. 2 Principle of the optical focusing system A schematic diagram of the suggested method is shown in Fig. 1 . The cylindrically polarized annular multi Gaussian beam is focused through a high NA lens system focused. The annular multi-Gaussian beams consist of a small sum of finite-width annular Gaussian beams side by side each of which represents an intuitive component of the entire beam. The analysis was performed on the basis of Richards and Wolf's vectorial diffraction method (Richards and Wolf 1959) widely used for high-NA lens system at arbitrary incident polarization. In the case of the incident polarization, adopting the cylindrical coordinates r, z, u and the notations of Youngworth and Brown (2000) , the focal field of a cylindrically polarized vortex beam can be written as:
where E r , E z , E u are the amplitudes of the three orthogonal components and ẽ r , ẽ z , ẽ u are their corresponding unit vectors. The three orthogonal components of the electric field is given as:
where, k = 2p/k is the wave number and J n (x) is the Bessel function of the first kind with order n. r and z are the radial and z coordinates of observation point in focal region, respectively P(h) describes the amplitude-modulated annular multi-Gaussian beam, this function is given by Jian-Nong et al. (2011) PðhÞ
here, h is the converging semi-angle. We denote the maximum converging semi-angle as h max which is related to objective numerical aperture by h max = arcsin(NA). h 0 is an angle which, along with integer m, determines the shape of the modulation function. h 0 is usually chosen to be slightly smaller than h max . h c determines the radial position translation of the P(h). Here we take h c = h max /2. w 0 is the waist width of single Gaussian beam which is calculated by the following formula:
Equation (5) describes an object beam. The factor (h/h 0 ) measures that the most of light energy is located on the annular edge of the pupil. Increasing the integer m will concentrate more energy into the annular edge area in which the converging semi-angle is more than h 0 . The sum of (2N ? 1) spatially equally spaced Gaussian beams ensures that the amplitude of the constructed annular multi-Gaussian beam decreases suddenly when reaching the outer edge of the pupil. Such an amplitude modulated beam can be realized by encoding suitable phase mask on spatial light modulator. The effect complex filter on the input radially polarized beam is evaluated by replacing the function P(h) by P(h) CPF(h). Where CPF(h) is given by:
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ð7Þ Fig. 2 Intensity distributions at the focus of the Lens for a / = 0°at r = 0 and c / = 90°at r = 0.3k. b, d are the corresponding contour plot for the total intensity distribution in the r-z plane Basing on the above equations, focusing properties of cylindrically polarized annular multi Gaussian beam (CPAMGB) with complex phase plate can be investigated theoretically.
Results and discussion
We perform the integration of Eq. (1) numerically for NA = 0.9 and k = 1, h max = 64.19°, h 0 = 60°and h c = a/2, w 0 = 0.02710, N = 20 and m = 4. Here, for simplicity, we assume that the refractive index n = 1 and A = 1. For all calculation in the length unit is normalized to k and the energy density is normalized to unity. The intensity distribution for / = 08, which corresponds to a radially polarized annular multi Gaussian incident beam for the high NA lens is Shown in Fig. 2a, b . It is observed from the figure, Fig. 3 Intensity distributions at the focus of the Lens for a / = 0°at r = 0 and c / = 90°at r = 0.4k. b, d are the corresponding contour plot for the total intensity distribution in the r-z plane Generation of multiple focal spot and focal hole segments… Page 5 of 9 39 that it is possible to generate a series of eight focal spot each having FWHM of 0.66k and are axially separated by the distance of 2k between them. The set of angles of complex phase filter (CPF) optimized for the above mentioned focal segment using traditional Global Search Algorithm are h 1 = 42.47°, h 2 = 45.33°, h 3 = 61.91°, h max = 64.19°. However, It is observed from Fig. 2c, d , while setting / = 90°, which corresponds to a azimuthally polarized annular multi Gaussian beam, the above motioned CPF generates a series of eight focal holes each having FWHM of 0.5k and are axially separated by the distance of 2k between them. The on axial intensity distribution at r = 0.3k is found to be almost uniform in the vicinity of focus and is shown in Fig. 2c. The Fig. 3a, b shows the focal segment generated for / = 0°, for the CPF optimized with angles h 1 = 26.75°, h 2 = 52.93°, h 3 = 58.78°, h max = 64.19°. We observed from the figure, that the single focal spot is splitted into two focal spot each having FWHM of 0.74k and are axially separated by a distance of 2k. The DOF of the each focal spot is measured as 2.8k. We also observed that the same CPF generated two focal hole each having FWHM of 0.8k and are Fig. 4 Intensity distributions at the focus of the Lens for a / = 0°at r = 0 and c / = 90°at r = 0.3k. b, d are the corresponding contour plot for the total intensity distribution in the r-z plane separated by axial distance of 2.5k between them for the polarization angle / = 90°. The DOF of the each focal hole is measured as 2.8k and is shown in Fig. 3c, d . The Fig. 4a, b shows that by setting the three angles of CPF as h 1 = 42.47°, h 2 = 49.93°, h 3 = 61.91°, h max = 64.19°. We can generate a series of four focal spots each having FWHM of 0.6k and are axially separated by the distance of 2k between them for the polarization angle / = 0°. However, from the Fig. 4c, d , we observed that by setting the polarization angle / = 90°, the same CPF generates a series of four focal holes each having FWHM of 0.8k and are axially separated by a distance of 2k. Thus by using the above optimized CPF and by tuning the polarization angle of the incident cylindrically polarized annular multi Gaussian beam (CPAMGB) from / = 0°to / = 90°, it is possible to generate a series of four focal spot and focal hole respectively. The Fig. 5a, b shows the focal segment generated for / = 0°, for the CPF optimized with angles h 1 = 42.47°, h 2 = 46.86°, h 3 = 61.91°, h max = 64.19°. We observed from the figure, it is possible to generated series of six focal spot each having FWHM of 0.65k and are axially separated by a distance of Fig. 5 Intensity distributions at the focus of the Lens for a / = 0°at r = 0 and c / = 90°at r = 0.3k. b, d are the corresponding contour plot for the total intensity distribution in the r-z plane 3.8k. The DOF of the each focal spot is measured as 2k. We also observed that the same CPF generated thirteen sub wavelength focal hole each having FWHM of 0.5k and are separated by axial distance of 2 k between them for the polarization angle / = 90°. The DOF of the each focal hole is measured as 2.3k is shown in Fig. 5b, d respectively. The above simulation calculations show that, by utilizing the CPF to modulate the phase of CPAMGB, the optical spot in the focal region can be used as a powerful tool for particle manipulation. Here, each particle in the focal spot and focal hole is three dimensionally trapped separately with a small space along z axis. In addition, multi focal spots can be able to trap multi particles synchronously. It's simple and flexible method of forming multiple focal spot and focal hole with sub wavelength size introduced in this paper. This type of beam profile is useful in particle manipulation and optical trapping for high refractive index and low refractive index particles can be achieved precisely and controllably.
Conclusion
In conclusion, a novel method for demonstrated the effect of phase modulation on the intensity distribution on tight focusing of cylindrically polarized annular multi Gaussian beam in the focal region of high NA lens using Vector diffraction theory. We presented possible design of complex phase filter to achieve multiple focal spot and focal hole segments which finds wide applications in optical tweezers, micromanipulation of high and low refractive index particles, microscopy, and optical storage.
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